A multidisciplinary study including field geology, microstructure analysis, 40 Ar/ 39 Ar dating, and fluid inclusion microthermometry and Raman spectrometry has been carried out on the Muteh gold deposit located in a greenschist to amphibolite facies metamorphic rock complex of the Sanandaj-Sirjan tectonic zone, Zagros orogen, Iran. The Muteh gold deposit has been previously interpreted as genetically related to Precambrian granitic intrusions, as an exhalative hot-spring deposit related to Paleozoic rhyolitic-acidic tuffs, and to local metamorphic processes.
Introduction
THE NORTHWEST-TRENDING Zagros orogen resulted from Cretaceous and Tertiary convergence between the Eurasian and the Afro-Arabian plates and constitutes a link between the European Alpine and the Pacific systems of the Tethyan Eurasian metallogenic belt (Jankovic, 1977 (Jankovic, , 1997 . The Zagros orogen is subdivided into three parallel belts including, from northeast to southwest (Fig. 1) , the Tertiary UrumiehDokhtar magmatic belt (Schröder, 1944; Förster, 1978; , the Sanandaj-Sirjan tectonic zone (Mohajjel and Ferguson, 2000; Mohajjel et al., 2003; Agard et al., 2005) , and the Zagros fold belt (Stöcklin, 1968; Mohajjel et al., 2003) . The geodynamic and metallogenic setting of the Tertiary Urumieh-Dokhtar magmatic belt and its ore deposits, including porphyry copper and skarn deposits (Bazin and Hübner, 1969a, b; Waterman and Hamilton, 1975; Hezarkhani and Williams-Jones, 1998; Karimzadeh Somarin and Moayyed, 2002) , is explained within a typical subduction context (Förster, 1974 (Förster, , 1978 . By contrast, our knowledge of ore deposits in the adjacent Sanandaj-Sirjan zone, and their geodynamic and metallogenic setting, remains unsatisfactory. The relationship of ore deposits from this tectonic zone with the geologic evolution of the Zagros orogen is poorly constrained to unknown. This is a consequence of the fact that the Sanandaj-Sirjan zone is the result of a complex protracted Late Precambrian to Tertiary evolution, accompanied by multiple deformation events and local greenschist to amphibolite facies metamorphism.
This contribution is aimed at improving our knowledge of the metallogeny of the Sanandaj-Sirjan tectonic zone and is based on new field and analytical data gathered on the Muteh gold deposit, a major Iranian gold mine (Farhangi, 1991) hosted by metamorphic rocks of the Sanandaj-Sirjan zone, about 240 km southwest of Tehran in the Esfahan province ( Fig. 1 ). Early studies have interpreted the metamorphic host rocks as Precambrian in age and as the eastern extension of the Proterozoic Arabian Shield (Thiele, 1966; Stöcklin, 1968 Stöcklin, , 1974 Thiele et al., 1968) , and a Precambrian to early Paleozoic age was favored for the Muteh gold deposit. Various genetic interpretations have been suggested, including a metamorphogenic origin (Paidar-Saravi, 1989) , a relationship to granitic intrusions of assumed Precambrian age (Thiele et al., 1968; Samani, 1988) , and an exhalative hot-spring origin related to Paleozoic rhyolitic-acidic tuffs (Rachidnejad-Omran et al., 2002) . Samani (1988) correlated the Muteh gold deposit with Proterozoic auriferous quartz veins in Egypt and Arabia. These relatively old ages and genetic relationships are suspect because most of the geologic evolution of the Andean-type Sanandaj-Sirjan zone is related to the Cretaceous to Tertiary closure of the Tethys (Mohajjel et al., 2003; Agard et al., 2005; Ghasemi and Talbot, 2006) , accompanied by Late Jurassic to Eocene calc-alkaline magmatism (Förster, 1974; Berberian and King, 1981; Berberian et al., 1982; Braud, 1987; Agard et al., 2005; Ghasemi and Talbot, 2006) , and that a majority of the metamorphic rocks of the Sanandaj-Sirjan zone are, in fact, metamorphosed equivalents of Paleozoic and Mesozoic units (Berberian and King, 1981; Davoudzadeh et al., 1986; Braud, 1987; Davoudzadeh and Weber-Diefenbach, 1987; Rachidnejad-Omran et al., 2002; Mohajjel et al., 2003; Sheikholeslami et al., 2003; Baharifar et al., 2004) .
In order to understand the paradoxical setting of a reputedly old deposit of Late Precambrian to Paleozoic age within a younger Mesozoic to Tertiary orogen, we examined the relative age relationships between gold ore-controlling structures, related hydrothermal alteration, host-rock structures, and metamorphic mineral assemblages and present new 40 Ar/ 39 Ar data from biotite and amphibole in metamorphic and magmatic rocks within the gold district, and on muscovite from the gold veins and associated hydrothermal alteration. Fluid inclusion microthermometry and Raman spectroscopy were carried out to identify the ore-related fluid and to compare this to regional fluids that were present in the metamorphic host-rock complex. These data are discussed in the context of regional geologic studies and recent geodynamic syntheses by Mohajjel et al. (2003) , Agard et al. (2005) , and Ghasemi and Talbot (2006) , and previous genetic models for the Muteh deposit are reassessed. Esfahan S a n a n d a j -S i r j a n Z o n e e n t r a l I r a n i a n B a s e m e n t B l o c k s Stöcklin, 1968, and Alavi et al., 1997) and location of gold occurrences, prospects, and mines in Iran: 1 = Kharvana, 2 = Mianeh, 3 = Zarshuran-Agh Darreh, 4 = Kervian, 5 = Dashkasan-Baharlu, 6 = Ahangaran, 7 = Astaneh, 8 = Zartorosht, 9 = Gandy-Abolhassani, 10 = Kuh-e Zar, 11 = Chelpow, 12 = Qal'eh Zari, 13 = Shalir (locations are from Lescuyer et al., 2003 , except location 4 from Heidari et al., 2006 , locations 6-8 from www.gsi.ir, and location 9 from Shamanian et al., 2004) . Ang = Miocene Angouran Zn-Pb-Ag deposit linked to metamorphic core complex exhumation in the Sanandaj-Sirjan zone (Gilg et al., 2006) . B. Simplified tectonic map of southwestern Iran, showing the subdivisions of the Sanandaj-Sirjan tectonic zone. There is still a matter of debate about the attribution of the Ophiolite, Bisotun, and Radiolarite subzones; Mohajjel et al. (2003) include them in the Sanandaj-Sirjan tectonic zone, whereas Agard et al. (2005) group them in a separate zone of Arabian affinity termed the Crush zone. the middle Eocene. Agard et al. (2005) also suggested slab detachment, but only during a short interval during the late Eocene , based on K-Ar ages of mafic intrusions emplaced within the Sanandaj-Sirjan zone, 200 km northwest of Muteh (Leterrier, 1985; Braud, 1987) . Older magmatic activity in the Sanandaj-Sirjan zone includes Late Triassic and Early Jurassic tholeiitic mafic volcanic rocks (Alavi and Mahdavi, 1994) , interpreted as remnants of Tethyan oceanic crust (Mohajjel et al., 2003) , and Late Proterozoic to early Paleozoic mafic rocks formed during extensional events (Berberian and King, 1981; Rachidnejad-Omran et al., 2002) .
Muteh
The complexly deformed subzone of the Sanandaj-Sirjan zone, which hosts the Muteh gold deposit (Fig. 1B) , is characterized by abundant greenschist and amphibolite facies metamorphic rocks (Mohajjel et al., 2003) , and recent investigations have revealed that a majority of them are metamorphosed equivalents of partly fossiliferous Paleozoic and Mesozoic units (Davoudzadeh et al., 1986; Braud, 1987; Davoudzadeh and Weber-Diefenbach, 1987; RachidnejadOmran et al., 2002; Mohajjel et al., 2003; Sheikholeslami et al., 2003; Baharifar et al., 2004) . Therefore, reports of Hercynian (e.g., Thiele et al., 1968; Berberian and King, 1981) and older orogenies are disputed by many authors (Stöcklin, 1968; Crawford, 1977; Alavi, 1994; Rachidnejad-Omran et al., 2002) , and much of the deformation, metamorphic and magmatic events in the Sanandaj-Sirjan zone are related to the closure of the Tethys ocean (Mohajjel et al., 2003) . An extensive period of Middle Jurassic to Late Cretaceous medium-and high-pressure metamorphism was attributed by Berberian and King (1981) to orogenic events during subduction of oceanic crust beneath the Sanandaj-Sirjan zone. Regional low pressure and contact metamorphism, with andalusite, sillimanite, cordierite, and garnet, is mainly associated with and preceded the emplacement of Late Cretaceous granitic intrusions in the Sanandaj-Sirjan zone Braud, 1987; Baharifar et al., 2004) .
Local Geologic Setting
Mesozoic and Tertiary sedimentary rocks overlying Paleozoic sedimentary rocks predominate in the study area and are largely covered by Quaternary rocks. Subsidiary Eocene volcanic rocks of the Urumieh-Dokhtar magmatic belt occur in the northeastern part ( Fig. 2 ; Thiele et al., 1968) . Metamorphic rocks of the Sanandaj-Sirjan zone in the Muteh area consist of gneiss, marble, amphibolite, mica schist, phyllite, quartzite, decimeter-thick to several-meters-long quartz veins, and rare meter-thick magnetite-rich horizons (Thiele et al., 1968) . Thiele (1966) and Thiele et al. (1968) assigned a Precambrian age to the metamorphic rocks, based on the assumption that overlying unmetamorphosed rock formations were Late Precambrian, Infracambrian, and Cambrian (see legend of Fig. 2 : so-called Soltanieh, Zaigun-Lalun, Mila, Kahar, and Precambrian formations according to Thiele et al., 1968) . Using new paleontological evidence, Rachidnejad-Omran et al. (2002) revised the stratigraphic column and suggested younger ages for the pre-Permian rock formations (Fig. 2) , although they do not exclude the presence of Late Proterozoic rocks in the metamorphic complexes. According to this study, unmetamorphosed dolomite, sandstone, and shale bordering the metamorphic complexes are Early Carboniferous and Devonian in age rather than Cambrian and Precambrian, respectively, and the metamorphic rocks consisting of gneiss, marble, amphibolite, schist, phyllite, and quartzite are interpreted as Cambrian instead of Precambrian (see legend describing the Sanandaj-Sirjan zone rocks in Fig. 2) .
The western metamorphic complex, immediately to the northeast of the town of Golpaygan (Fig. 2) , reached amphibolite facies conditions (Thiele, 1966) . It is dominated by a kyanite-sillimanite-staurolite-biotite-garnet-plagioclaseilmenite ± muscovite assemblage, typical of metamorphosed pelites, locally interlayered with marble. Tourmaline and scapolite were recognized during our study as subordinate phases in the metamorphosed pelites and marble, respectively. Rachidnejad-Omran et al. (2002) also mentioned the presence of small bodies of migmatite in gneiss of the western metamorphic complex. Based on our observations, the metamorphic assemblage is partly retrograde, as garnet is replaced by chlorite, muscovite, and staurolite, staurolite is replaced by chlorite and muscovite, and sillimanite is transformed into kyanite. The eastern metamorphic complex, which hosts the Muteh gold deposit (Fig. 2) , is greenschist grade (Paidar-Saravi, 1989) , with an assemblage predominantly composed of albite-chlorite-muscovite-biotite-quartz ± epidote, which overprints the amphibolite assemblage according to Thiele (1966) and Thiele et al. (1968) .
Small dioritic to gabbro-dioritic plugs intruding Late Cretaceous marl and shale formations have been interpreted by Thiele et al. (1968) as hypabyssal expressions of Early Tertiary magmatism and are possibly equivalents of gabbro-diorite plugs in the Sanandaj-Sirjan zone about 200 km northwest of Muteh, which yielded K-Ar ages of 34 and 40 Ma, (Leterrier, 1985; Braud, 1987) . Medium-grained biotite and two-mica granodiorite and granite intrusions were emplaced in Late Triassic (Rachidnejad-Omran et al., 2002) and Early Jurassic sedimentary rock formations (Thiele et al., 1968) . Pebbles of such granitic intrusions were observed in Middle Cretaceous basal conglomerates by Thiele et al. (1968) and were interpreted as Late Jurassic to Early Cretaceous by the later authors. Similar granitic and dioritic intrusions were emplaced in the metamorphic complex hosting the Muteh gold deposit (Fig. 2) . Thiele et al. (1968) assigned a Late Precambrian age to these intrusions, based on the observations that those intruding metamorphic rocks are more deformed than those hosted by Jurassic sedimentary rocks, and that the intrusions did not cut overlying dolomite, interpreted as Infracambrian ( Fig. 2; i.e., the dolomite now interpreted as lower Carboniferous by Rachidnejad-Omran et al., 2002) . RachidnejadOmran et al. (2002) obtained whole-rock and biotite K-Ar ages between 57.1 ± 1.8 and 64.2 ± 2.4 Ma for granite and a diorite emplaced in the metamorphic complex north of the town of Golpaygan (Fig. 2) and, therefore, proposed a Paleocene age for these intrusions.
Gold Metallogeny of Iran
Iran's gold production is modest (ca. 600 kg/yr), and the gold deposits and prospects recognized so far are rather small in size, with only a few of them having been studied and described. The gold potential of Iran still remains to be fully
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Delijan T e h r a n E s f a h a n assessed (Lescuyer et al., 2003) . A majority of the gold deposits and prospects are epithermal and are located within the Tertiary Urumieh-Dokhtar, Alborz, and East Iranian magmatic belts (locs. 1-3 and 9-13, Fig. 1A ). They include the recently described Miocene sedimentary rock-hosted, gold-arsenic Zarshuran, Carlin-type deposit, Azarbaidjan province, northwest Iran, with 2.5 million metric tons (Mt) at 10 g/t of gold (Mehrabi et al., 1999; Asadi et al., 2000; loc. 3, Fig. 1A) , and the volcanic rock-hosted Gandy and Abolhassani prospects in the Alborz magmatic arc, Semnan province (Shamanian et al., 2004; loc. 9, Fig. 1A) . Further potential gold resources in the Tertiary magmatic belts are related to iron oxide coppergold and porphyry-copper deposits (Lescuyer et al., 2003) . Except for the Muteh gold deposit, only minor gold occurrences have been recognized so far in the Sanandaj-Sirjan zone, including Kervian (Heidari et al., 2006) , Ahangaran, Astaneh, and Zartorosht (locs. 4, 6-8, Fig. 1A ). The gold-antimony-arsenic Dashkasan-Baharlu epithermal occurrence, Kordestan province (loc. 5, Fig. 1A ) with 14 Mt at a gold grade of 1.9 g/t (Geological Survey or Iran, www.gsi.ir) is located in the Sanandaj-Sirjan zone, but it belongs to a Tertiary event, as it is hosted by Miocene dacite domes crosscutting Mesozoic sedimentary rocks (Lescuyer et al., 2003) .
The Muteh Gold Deposit
The Muteh gold mine lies between 1,800 and 2,200 m asl in the eastern part of the main northeast-elongated metamorphic complex north of the village of Muteh (Fig. 2) . There are numerous old vertical surface diggings in the area, which are attributed to gold mining during the Sassanian and the Islamic periods (3 rd -11 th centuries) and which led to the rediscovery of the Muteh gold mine (Wertime, 1968) . Initial exploration took place between 1955 and 1966 and was followed between 1980 and 1985 by detailed geologic studies, geochemical and geophysical surveys, and drilling. The Iranian Mining and Metallurgy Company determined average ore grades of 4 to 5 g/t (Paidar-Saravi, 1989; Farhangi, 1991) . Presently, the Muteh gold mine consists of two main ore zones, including the Chah Khaton and Senjedeh open pits, and seven smaller occurrences (Fig. 2) . Internal mine reports indicate a total tonnage (including remaining resources and past production) of 1.79 Mt at a grade of 2.85 g/t at Chah Khaton and of 1.76 Mt at a grade of 2.57 g/t at Senjedeh. The production was about 300 kg of gold in 2004 according to the Geological Survey of Iran (www.ngdir.com/plants/). The ore consists of nonrefractory oxide (0.38 Mt at a grade of 3.31 g/t at Chah Khaton and 0.84 Mt at a grade of 2.61 g/t at Senjedeh) and refractory sulfide (1.41 Mt at a grade of 2.73 g/t at Chah Khaton and 0.92 Mt at a grade of 2.54 g/t at Senjedeh). The oxide ore was exhausted in 2000.
Host rocks
The rocks in the vicinity of the Muteh deposit are predominantly schist and gneiss, subsidiary amphibolite and quartzite, and local marble and magnetite horizons (Thiele et al., 1968; Paidar-Saravi, 1989) . The schist contains mainly quartz, biotite, chlorite, and muscovite. Paidar-Saravi (1989) subdivided the schist into different varieties, based on the predominant phases (e.g., mica, quartz-muscovite, quartz-chlorite, quartzbiotite-chlorite, and chlorite-biotite schist). However, the contacts among the different schist types and gneiss are diffuse or gradational, and this explains why no individual, persistent lithologic units were mapped across the entire eastern metamorphic complex by Paidar-Saravi (1989) . Thiele et al. (1968) interpreted the gneiss as a metamorphosed equivalent of graywacke and quartzite.
The granitic rocks emplaced in the metamorphic complex in the immediate vicinity of the Muteh gold mine are mediumgrained biotite and two-mica leucogranites, which locally can be extremely rich in quartz and feldspar and mica poor (Thiele et al., 1968) . Hornfelsic rocks result from contact with the granite (Paidar-Saravi, 1989) . The SiO 2 content of the granite varies between 75 and 81 wt percent (Paidar-Saravi, 1989; Rachidnejad-Omran et al., 2002; R. Moritz, unpub. data) .
Paidar-Saravi (1989) also described a range of different metavolcanic rocks, including rhyolitic, dacitic, and andesitic tuff and lava, which were already described in internal reports of the Geological Survey of Iran (Momenzadeh, 1979; AlaviTehrani, 1980 , cited in Paidar-Saravi, 1989 ). According to Paidar-Saravi (1989) , these rocks have a grano-lepidoblastic texture with quartz and feldspar forming a mosaic intergrowth and mica and chlorite defining the foliation (see below). Pyrite and locally larger crystals of feldspar are also mentioned. Paidar-Saravi (1989) described the metavolcanic rocks as interlayered with schist but provided no further textural evidence that they are tuffs or lavas. During our fieldwork, we did not recognize any primary textures, and these rocks cannot be distinguished from the other metamorphic rocks in the area. Therefore, we refer to them as gneiss or schist. Rachidnejad-Omran et al. (2002) also mentioned the presence of metarhyolite and metavolcanic tuff, in spatial association with higher gold grades, but with no additional evidence for this rock classification. They interpreted the metarhyolite together with the amphibolite as a bimodal volcanic suite and the host schist and gneiss as an early Paleozoic (to Late Proterozoic?) volcano-sedimentary complex.
Host-rock structures
In the Muteh gold mine area, the metamorphic rocks display a subhorizontal mylonitic foliation (Figs. 3A, 4A) with a northeast-oriented stretching lineation within the plane of foliation (Fig. 3A) . This indicates that the metamorphic rocks have experienced extension in a northeast-southwest direction and flattening in a subvertical direction. Locally the granitic intrusions also contain a subhorizontal foliation (Fig.  4B) , and apophyses of the diorite intrusion in the western part of the northeast-elongated metamorphic complex are also affected by subhorizontal isoclinal folding and the flat-lying foliation (Fig. 4C) . Therefore, the intrusions hosted by the metamorphic rocks were emplaced before the end of ductile deformation. Decimeter-thick and meter-long metamorphic quartz segregation veins and layers of biotite-chlorite schist are concordant with the subhorizontal foliation of the host metamorphic rocks and are boudinaged or crosscut and displaced by normal faults (Fig. 4D) . The subhorizontal layering of schists and quartz segregation veins is attributed to the transposition of the host-rock units during subvertical flattening and formation of the mylonitic foliation.
In the vicinity of the Muteh gold deposit, the subhorizontal mylonitic foliation increases in intensity upward, toward the contact with the unmetamorphosed, Paleozoic sedimentary rocks. Immediately at this contact and structurally parallel to the mylonitic foliation of the metamorphic rocks is a thin horizon of microbreccia containing clasts of metamorphic rocks with a mylonitic fabric cemented by iron oxides (Fig.  4E-F) . This breccia horizon can be traced along the contact with overlying younger, non-to slightly metamorphosed sedimentary rocks of various ages, including: pre-Permian shale, sandstone, and dolomite (interpreted as Cambrian-Precambrian by Thiele et al., 1968 , and as Devonian-Early Carboniferous by Rachidnejad-Omran et al., 2002) , Permian dolomite, and Tertiary sedimentary rocks (Fig. 2) . Thus, there is a sharp contrast in deformation and metamorphic grade with an intense mylonitic fabric and a greenschist facies mineral assemblage in the metamorphic rocks beneath the breccia horizon and overlying essentially unmetamorphosed and nonpenetratively deformed sedimentary rocks.
The mylonite shows compositional layering where two quartz types can be recognized (Fig. 5): (1) fine-grained matrix quartz with approximately uniform grain sizes and irregular boundaries typical of dynamic recrystallization (Passchier and Trouw, 1998) , and (2) coarser quartz grains arranged along bands forming the appendages (i.e., wings) attached to both sides of feldspar porphyroclasts. The larger quartz grains pass laterally into smaller, recrystallized new grains. The quartz texture reflects a ductile behavior, whereas the broken feldspar porphyroclasts indicate a brittle behavior, thus revealing low to moderate degrees of deformation that may have occurred between about 350°and 600°C, according to Passchier and Trouw (1998, p. 52) . Two foliation planes are defined by the preferential orientation of phyllosilicates (biotite, muscovite, chlorite) arranged in a C-S texture or C-type shear band texture (Fig. 5C ). Kinematic indicators studied in thin sections cut parallel to the stretching lineation and normal to the foliation, collectively showing a subhorizontal shear sense for the mylonite with top to the northeast displacement ( Fig. 5) , which is opposite to the regional southwest-verging thrust geometry of the Sanandaj-Sirjan tectonic zone.
The silica-rich composition and the mineralogy of some parts of the mylonite including quartz, feldspar, muscovite, and biotite, which is partly to entirely replaced by chlorite, is indistinguishable from the leucogranites that intruded the metamorphic rocks in the Muteh gold mine area. In areas remote from the main open pits, such as at Ghorom Ghorom (see loc. 8, Fig. 2 ), one can recognize that the granitic intrusions are affected by the subhorizontal foliation (Fig. 4B) . Therefore, we conclude that some of the more felsic subhorizontal mylonites recognized in the open pits at Chah Khaton and Senjedeh (see locs. 1 and 7, Fig. 2 ) are intensely deformed counterparts of the leucogranites, rather than rhyolitic Fig. 2) . B. Subhorizontal foliation affecting the leucogranite from the Muteh gold mine area (Ghorom Ghorom occurrence, loc. 8, Fig. 2 ). C. Subhorizontal isoclinal folding and foliation affecting the diorite intrusion in the western part of the metamorphic complex, north of the town of Golpaygan (Fig. 2) . D. Flat-lying chlorite schist parallel to the subhorizontal mylonitic foliation of the host rocks in the Chah Khaton open pit. The chlorite schist has been crosscut by a younger normal fault. E. Subhorizontal, thin breccia horizon (white dotted line) between the greenschist facies metamorphic host rocks of the Muteh gold deposit and overlying Permian dolomite, immediately south of the Chah Khaton and Senjedeh open pits (Fig. 2) . F. Close-up of the matrix-supported breccia horizon between the greenschist facies metamorphic rocks and the overlying unmetamorphosed sedimentary rocks. Clasts consist of metamorphic rocks with a mylonitic foliation and subsidiary quartz veins in a fine-grained, oxidized matrix. metavolcanic rocks as suggested previously by Paidar-Saravi (1989) and Rachidnejad-Omran et al. (2002) .
EOCENE MINERALIZATION AT THE MUTEH Au DEPOSIT, WESTERN IRAN
Mineralization and wall-rock alteration
Hydrothermal alteration associated with the gold occurrences is characterized by intense, pervasive bleaching of the host rocks. In areas where alteration is less intense, it can be seen that the bleaching occurs along small fractures crosscutting the subhorizontal foliation of the host rocks (Fig. 6A ). It consists of silicified rock with microcrystalline to crystalline quartz, fine-grained muscovite, pyrite, dolomite-ankerite, and albite overprinting the metamorphic minerals of the host rocks (Figs. 6B, 7). Subsidiary alteration minerals are rutile and chlorite, replacing biotite. Irregular microscopic and straight macroscopic veining is also recognized with quartz, dolomiteankerite, and pyrite as the dominant minerals, and subsidiary albite and muscovite. The veins crosscut the subhorizontal foliation of the host rocks (Fig. 4A ). Breccias occur in places with fragments of silicified host rock cemented by late-stage carbonate. Thus, the textural, mineralogical, and vein relationships indicate that the gold mineralization postdated metamorphism and ductile deformation of the host rocks. Some of the quartz-carbonate-pyrite veins from the ore zones show open-space growth with euhedral quartz crystals arranged in a comb texture (Fig. 6C) , which also supports a late timing of ore formation after ductile deformation of the host rocks. Hematite, kaolinite, and gypsum were formed during supergene alteration. It remains unclear whether the metarhyolite described by Rachidnejad-Omran et al. (2002) might correspond to the silica-rich and bleached rock characterizing the hydrothermal alteration, which is mapped by the local mine geologists as "metarhyolite," and which typically hosts the higher gold grades (A. Ghaedi and H. Reza-Feizi, Iran Gold Company, pers. commun., 1993) . Fig. 2) , showing a subhorizontal shear sense with top to the northeast displacement, opposite to the regional southwest-verging thrust within the Sanandaj-Sirjan tectonic zone. Sections are cut parallel to the stretching lineation and normal to the foliation plane. The sense of shear has been deduced according to criteria outlined in Passchier and Trouw (1998) . A. Stepped, fragmented feldspar porphyroclasts with synthetic microfaults (Riedel fault) with respect to the main subhorizontal shear sense. The lower feldspar grain is a δ-type mantled porphyroclast with attached appendages of coarser quartz grains (i.e., wings), showing a clockwise rotation. B. Tiling imbrication of feldspar grains. C. C-type shear bands outlined by muscovite, biotite, and chlorite replacing biotite in the schist hosting the gold deposit. D. Synthetic microfault (thrust, P-type fault?) in a feldspar porphyroclast displacing twins of the host mineral. Pyrite is the dominant opaque mineral and is the major phase associated with gold ( Fig 6D) . Chalcopyrite, marcasite, galenobismutite, bismuth, galena, sphalerite, and pyrrhotite are subsidiary to rare phases. Pyrrhotite was deposited early with pyrite, and the remaining opaque minerals, together with gold, postdate pyrite deposition, mostly along fractures. Chalcopyrite was deposited during both stages (Paidar-Saravi, 1989) . Three types of pyrite have been observed during our study and include: (1) fine-grained, barren pyrite disseminated along the foliation of the host rocks; (2) pyrite aggregates in the host rocks or in metamorphic segregation quartz veins; and (3) coarse-grained, euhedral to subhedral pyrite in or immediately next to veins crosscutting the foliation of the host rocks (Fig. 4A) . The later pyrite type is related to ore formation and is indicative of high gold grades (A. Ghaedi and H. Reza-Feizi, Iran Gold Company, pers. commun., 1993) . Microprobe analyses by Paidar-Saravi (1989) showed that the Au/Ag ratio is about 8.5/1.
EOCENE MINERALIZATION AT THE MUTEH Au DEPOSIT, WESTERN IRAN
Geometry and structural setting of the gold orebodies
The structural elements associated with the orebodies were mainly studied on mine faces at the Chah Khaton and Senjedeh open pits (locs. 1 and 7, Fig. 2 ). The ore zone at Chah Khaton is within a conjugate fault system consisting of northwest-oriented normal faults dipping in opposite directions (Figs. 3B, 6E-F). In the ore zone, normal faults, joints, quartz-pyrite-carbonate veins, and a breccia zone have a northwest strike, also displaying a conjugate system, but with a preferential development of the brittle structures plunging to the northeast (Fig. 3B) . The brittle structures crosscut the flat-lying ductile fabric of the host rock (Fig. 4A) , and they record a northeast-southwest brittle extension parallel to the ductile fabric of the host rock. Drill core information shows that the zone with the highest gold grades and the associated alteration zone consisting of the highly bleached, siliceous rocks at Chah Khaton also dip to the north and are discordant with respect to the subhorizontal layering of the host schists (Fig. 8) . Thus, the geometry of the ore zone at Chah Khaton reveals a structural control of the gold mineralization by late brittle structures formed during extension and postdating the ductile deformation of the host rocks, including the granitic intrusions. The discordant relationship with respect to the host schists of the highly bleached, siliceous rocks defined as "metarhyolite" by the mine geologists (Fig. 8) indicates that they are a product of hydrothermal alteration along a crosscutting structure, rather than an original lithologic unit, such as a rhyolitic metavolcanic rock.
On a regional scale, the majority of the orebodies and ore occurrences are aligned along a northwestern trend (see alignment of ore zone locs. 1-6, Fig. 2 ), parallel to the orientation of faults, fractures, and veins recognized within the open pits of Chah Khaton and Senjedeh (Figs. 3B, 4A, 6E-F) . The northwestern trend of the ore-controlling structures is recognized in most other ore occurrences of the Muteh gold mine area (Paidar-Saravi, 1989 ). Locally, a lithologic control of the ore occurrences can be recognized, such as gneiss-granite contacts at Ghorom Ghorom and Darreh Ashki (ore zone locs. 2 and 8, Fig. 2 ), and gneiss-amphibolite contacts at Chah Bagh (ore zone loc. 9, Fig. 2 ). Akin to our observations, Kouhestani (2005) and Kouhestani et al. (2005) stated that northwest-oriented normal faults plunging to the east host the mineralized zones at Chah Bagh. However, these authors also mentioned the presence of sulfide-bearing siliceous lenses parallel to the local subhorizontal mylonitic foliation at Chah Bagh (ore zone loc. 9, Fig. 2 ), which they interpret as evidence for the beginning of gold deposition during ductile deformation and before the onset of extensional brittle deformation.
Ar/ 39 Ar Geochronology
Previous dating has been carried out by RachidnejadOmran et al. (2002) , using the conventional 40 K- 40 Ar method. This technique is extremely useful for young undisturbed samples, but in many cases it is not adequate in terranes characterized by multiple stages of metamorphic, magmatic, deformation, and hydrothemal events, such as in the metamorphic complex at Muteh, which may result in partial argon loss or incorporation of excess argon (e.g., Hanes, 1991; Richards and Noble, 1998; Kelley, 2002) . Under such conditions, the 40 K- 40 Ar method commonly yields mixed and imprecise ages with no geologic significance. To overcome these problems, we have used the incremental-heating and in situ laser-ablation 40 Ar/ 39 Ar techniques to determine the age of gold mineralization and to constrain its timing with respect to the regional geologic evolution.
Methodology
40 Ar/ 39 Ar experiments were undertaken by incremental heating on seven mineral separates and by in situ laser ablation on six polished whole-rock wafers to microsample (Kelley et al., 1994 ) from pure domains within small biotite, amphibole, and muscovite crystals. Mineral separates of amphibole, biotite, and muscovite were purified by crushing, sieving to 100 to 250 µm, and handpicking. Whole-rock wafers with a thickness of 1 mm were cut from 5-mm-diam drill cores. The mineral separates and the rock wafers were wrapped in Al foil packets and encapsulated along with the neutron flux monitor into sealed quartz vials, which were irradiated at the Oregon State University Triga reactor. The neutron flux monitor was the 28.34 Ma sanidine from the Taylor Creek rhyolite . Details of analytical and data reduction procedures can be found in Singer and Pringle (1996) and Singer et al. (1999) . Mineral separates were incrementally heated between approximately 360°and 1,250°C, in seven to 25 steps during 60 s each with a 25W CO2 laser with a faceted lens delivering a 9-mm 2 beam, evenly heating the sample. The amount of biotite and muscovite was between 0.2 and 0.3 mg, whereas 5 mg was used for amphibole. For in situ analyses of polished whole-rock wafers, the gas was extracted by ablation for 60 s using a 226-nm wavelength ultraviolet laser operated in a pulsed mode. Following 2 min of cleanup on SAES getters, isotope measurements of the gas were made in a MAP-216 spectrometer operated with a Bäur-Signer ion source and a Johnston electron multiplier at the University of Geneva. Corrections for interfering reactions during irradiation of 40 Steiger and Jäger (1977) and are reported with ±2σ uncertainties. Inverse-variance weighted mean ages and errors were used for both the incremental-heating and in situ laser-ablation experiments.
Results
Regional metamorphic rock samples: Incremental heating of a biotite from metapelite of the western metamorphic complex (MU-701, Fig. 2 ) yielded a strongly disturbed spectrum with a plateau segment at low percentages of 39 Ar released and a rising staircase pattern toward older apparent ages for higher released gas percentages (Fig. 9A) . The plateau segment contained 61 percent of the total 39 Ar released and yielded an age of 108.29 ± 0.92 Ma. The last gas release with a significant 39 Ar content (third last step) yielded an apparent age of 129.69 ± 2.86 Ma (App. 1). In situ analyses of six single biotite crystals from the same locality and rock unit (MU-702, Fig. 2 40 Ar/ 39 Ar age incremental-heating results from amphibole, biotite, and muscovite samples of the Muteh gold area (see App. 1 for detailed incremental-heating data for each sample). F. Inverse isochron age for sample BH-14/35.40 from the gold mineralization at Muteh corresponding to the age spectrum displayed in (G). Ages are calculated relative to the Taylor Creek rhyolite (28. 34 Ma, Renne et al., 1998) and reported with 2σ uncertainties.
lite layer (MU-104, Fig. 2 ) concordant to the subhorizontal foliation of the host gneiss display relatively flat, undisturbed age spectra, with an age of 109.65 ± 2.04 Ma for 75.3 percent of the total 39 Ar released from amphibole (Fig. 9B) , and an age of 86.55 ± 1.00 Ma for 84.4 percent of the total 39 Ar released from biotite (Fig. 9C) .
Magmatic intrusions: In situ laser ablation of biotite and amphibole from the westernmost dioritic intrusion emplaced in the metamorphic complex (MU-717, Fig. 2 ) yielded similar ages within error of 54.85 ± 1.00 and 54.64 ± 1.66 Ma, respectively (Table 1) , based on six ablation experiments for each mineral. Incremental heating of an amphibole separate from a quartz-amphibole pegmatite crosscutting the diorite (MU-715, Fig. 2 ) yielded a strongly disturbed age spectrum with high and erratic apparent ages for <20 perent of 39 Ar released. A plateau segment for most of 39 Ar released at higher temperatures yielded an age of 60.35 ± 0.64 Ma (71.8% of 39 Ar released; Fig. 9D ). The K/Ca data of sample MU-715 (App. 1) shows that it is a polyphase sample, with the initial 20 to 25 percent of gas released from a very low K content mineral. Incremental heating of biotite from the leucogranite of the eastern metamorphic complex (MU-407a, Fig. 2 ) produced a stepwise increase of apparent ages for the early degassing increments and a plateau segment for the total 39 Ar released above 30 percent. The age indicated by the plateau is 73.21 ± 0.58 Ma for 61.6 percent of the total 39 Ar released (Fig. 9E) . In situ laser-ablation analyses of single biotite grains from the leucogranite (MU-407b and MU-608, Fig. 2 Mylonite from the eastern metamorphic complex: A biotite separate from a gneiss with a subhorizontal mylonitic texture from the eastern metamorphic complex, but remote from any mineralized area (MU-361, Fig. 2) , yielded a concordant age spectrum with a plateau age of 71.83 ± 0.62 Ma (Fig. 9F) . Although muscovite was identified in this sample, it does not occur in adequate quantities for separation. Therefore, it was not possible to date this mineral by 40 Ar/ 39 Ar.
Hydrothermal muscovite associated with gold mineralization, Chah Khaton (Fig. 2) : Incremental heating of muscovite from the alteration zone immediately bordering a steeply dipping quartz-pyrite vein (BH-14 35.40, Figs. 2, 6B) yielded a plateau age of 49.3 ± 6.4 Ma for 98.4 percent of total 39 Ar released and an inverse isochron age of 46.5 ± 8.0 Ma ( Fig. 9G-H) . Five in situ laser-ablation analyses of muscovite in a quartz-carbonate-pyrite vein (Fig. 6C ) from the gold orebodies (MU-322, Fig. 2 
Discussion of the 40 Ar/ 39 Ar data
The 40 Ar/ 39 Ar age determinations reveal a coherent sequence of cooling and hydrothermal events in the metamorphic complex in the Golpaygan-Muteh area. The muscovite samples from the alteration zone and one quartz vein from the orebodies have 40 Ar/ 39 Ar ages between 55.7 and 38.5 Ma, including analytical uncertainties, indicating that gold mineralization at Muteh postdates all other dated events (Fig. 10) . This lower to middle Eocene age is consistent with the structural setting of the gold orebodies, which were emplaced along northwest-oriented normal faults that can be correlated with the Tertiary extensional tectonic event reported by Tillman et al. (1981; Fig. 10 ).
The overlapping 40 Ar/ 39 Ar ages of biotite and amphibole at 54.85 ± 1.00 and 54.64 ± 1.66 Ma, respectively, from the granodiorite intrusion in the westernmost metamorphic complex (MU-717, Fig. 2 ) indicate rapid cooling of this intrusion and represent a lower estimate of the intrusion age of the granodiorite. It is coeval with early Tertiary gabbroic, dioritic, and 14 granodioritic intrusions reported elsewhere in the SanandajSirjan zone (Thiele et al., 1968; Leterrier, 1985; Braud, 1987) , as well as Tertiary magmatic activity in the adjacent UrumiehDokhtar magmatic belt (Figs. 1, 10 ). Within analytical uncertainty, the 40 Ar/ 39 Ar age of the granodiorite overlaps with the whole-rock 40 K- 40 Ar ages of 56 to 57 Ma reported by Rachidnejad-Omran et al. (2002) for the same intrusion (Fig. 10) . The presence of a low K content phase, such as chlorite, responsible for the older apparent plateau age of 60.35 ± 0.64 Ma of the crosscutting quartz-amphibolite pegmatite (sample MU-715) must be treated with caution and should not be interpreted as a cooling age. The presence of phases such as chlorite is known to produce 39 Ar recoil, resulting in abnormal, old apparent 40 Ar/ 39 Ar ages (e.g., Lo and Onstott, 1989) . Likewise, the older whole-rock and biotite 40 K- 40 Ar ages between 64 and 58 Ma ( Fig. 10) (Figs. 1, 10) . Moreover, within uncertainty, the age of the Eocene granodiorite intrusion emplaced in the westernmost metamorphic complex (MU-717, Figs. 2, 10) overlaps with the age of muscovite from the gold deposit (BH-14/35.40, Figs. 2, 10) . Therefore, both events can be considered as coeval.
The plateau segment of biotite from the leucogranite sample MU-407a reveals that this intrusion from the eastern metamorphic complex had cooled down to about 350°C by 73.21 ± 0.58 Ma (Fig. 9E) . The decreasing apparent ages of low-temperature degassing increments (Fig. 9E) suggest that biotite from the leucogranite subsequently experienced argon loss. The youngest in situ laser-ablation age of the leucogranite samples MU-407b and MU-608 suggests that the later event is younger than 53.63 ± 11.46 Ma (Table 1, App. 2). Based on the available age determinations, argon loss may be attributed to the emplacement of the early Eocene granodioritic intrusions at about 54 to 55 Ma or hydrothermal fluid circulation associated with early to middle Eocene gold mineralization between 55.7 and 38.5 Ma. The conventional 40 K- 40 Ar ages of biotite separates between about 67 and 69 Ma ( The relatively flat and undisturbed age spectra of biotite at 71.83 ± 0.62 Ma from the mylonite zone (Fig. 9F ) could be straightforwardly interpreted as the age of ductile deformation in the eastern metamorphic complex. However, flat 40 Ar/ 39 Ar age spectra from biotite have to be interpreted with great caution, because this mineral is particularly sensitive to breakdown during experimental step heating, whereby the gas does not evolve by simple volume diffusion, resulting in a loss of the spatial 40 Ar/ 39 Ar gradient by homogenization and false plateau spectra (Hanes, 1991) . Apparently undisturbed but abnormally old 40 Ar/ 39 Ar age spectra can also be produced by biotite due to incorporation of excess 40 Ar introduced by an extraneous crustal fluid (e.g., Roddick et al., 1980; Renne, 1995) . Given the large uncertainties of the 40 Ar/ 36 Ar intercept of the isochron calculated for this biotite sample (MU-361, App. 1), a small amount of excess 40 Ar is possible but of uncertain significance. Finally, if a mica from a mylonite does not completely recrystallize at or below its closure temperature, it may yield abnormally "old 40 Ar/ 39 Ar ages" due to a significant gas component inherited from relict grains, and thus it only provides a maximum age for the time of deformation (West and Lux, 1993) . At Muteh, such inheritance could be due to relict biotite grains from the leucogranite, which has a cooling age of 73.21 ± 0.58 Ma (Fig. 9E) , just slightly older than the age of the biotite from the mylonite (Fig. 9F) . Therefore, the flat age spectra of 71.83 ± 0.62 Ma of the biotite should only be considered as a maximum age estimate of ductile deformation in the eastern metamorphic complex, whereas the 55.7 to 38.5 Ma muscovite ages from the gold deposit define a lower age limit for the ductile deformation event.
The flat and relatively undisturbed 109.65 ± 2.04 and 86.55 ± 1.00 Ma plateau ages of amphibole and biotite, respectively, from the amphibolite layer in the eastern metamorphic complex (MU-104, Fig. 9B -C) reflect cooling of the latter below the closure temperatures of the respective minerals (550°± 50°and 350°± 50°C for amphibole and biotite, respectively, see McDougall and Harrison, 1999) and could be related to metamorphism of the rocks from the eastern complex. The conventional 40 K-40 Ar biotite ages of 85 Ma by RachidnejadOmran et al. (2002) for a metarhyolite and/or tuff in the eastern part of the metamorphic complex (Fig. 10) is likely also related to the same cooling event during retrograde metamorphism, whereas the geologic significance of the conventional 40 K- 40 Ar mixed amphibole-biotite age of about 76 Ma by Rachidnejad-Omran et al. (2002) for mafic rocks from the same part of the metamorphic complex (Fig. 10 ) should be viewed with caution, as it may represent mixing ages because of recent argon loss. The 40 Ar/ 39 Ar plateau segment at 108.29 ± 0.92 Ma followed by a rising staircase pattern to higher apparent ages in biotite from sample MU-701 of the western metamorphic complex (Fig. 9A) together with the lower ablation ages of sample MU-702 between 63.7 ± 3.8 and 86.7 ± 10.2 Ma (Table 1, App. 2) reveal some heterogeneity in these biotites that are difficult to interpret. Biotites from metamorphosed pelite in the western metamorphic complex are disturbed samples from which a single cooling age cannot be inferred from the available data.
Fluid Inclusion Microthermometry and Raman Spectroscopy
Methodology Microthermometric measurements were made on 100-µm-thick doubly polished wafers with a Fluid Inc. adapted USGS gas-flow heating-freezing stage (Werre et al., 1979; Woods et al., 1981) mounted on a Leitz Laborlux S microscope equipped with a Nikon 40× ELWD long focus lens and on a Linkam THMGS-600 stage mounted on a DMLB Leica microscope equipped with a Nikon 100×long working distance lens. The systems were calibrated with synthetic fluid inclusions (Sterner and Bodnar, 1984) at temperatures of -56.6°, 0.0°, and 374.1°C. Precision and accuracy were ±0.1°C between -70°and 40°C, ±2°C below -70°C, and ±1°C above 100°C. Gases were identified with a Labram Raman spectrometer using a Nd-YAG laser (532-nm wavelength). Clathrate melting was used to calculate the salinity of CO 2 -bearing fluid inclusions with the equation of Chen (1972 , cited in Diamond, 1992 for inclusions in which clathrate melting occurred before homogenization of the CO 2 liquid and gaseous phases, whereas the procedure described in Diamond (1992) was used for inclusions showing homogenization of the CO 2 liquid and gas phases before breakdown of clathrate on heating. The salinity of aqueous fluid inclusions devoid of dissolved gases was calculated with the equation of Bodnar (2003) .
Fluid inclusion petrography
The fluid inclusion study was undertaken on barren, regional quartz veins concordant with the foliation of the host metapelite, on quartz from metapelite, and on quartz veins and quartz from silicified host rocks from gold orebodies of the Chah Khaton open pit (loc. 1, Fig. 2 ). Four fluid inclusion types were recognized in this study on the basis of the number of phases at room temperature and their microthermometric behavior.
Type I inclusions are liquid rich and contain two phases at room temperature (Fig. 11A-B) . In the majority of the inclusions, the vapor bubble typically occupies about 10 percent of the total inclusion volume. Some of the inclusions have a regular, subrounded square to rectangular shape, whereas others are more irregular and show characteristic reequilibration textures, such as annular or decrepitated inclusions surrounded by a cluster of smaller inclusions (Fig. 11A) . The size of the inclusions varies between 2 and 10 µm. Type II inclusions are vapor-rich (Fig. 11B) . Optically the vapor phase occupies the entire volume of the inclusion, although in reality approximately up to 10 volume percent liquid surrounding the vapor phase may go unnoticed in such inclusions. Type II inclusions have a regular subrounded, square to rectangular shape, and a size of 2 to 10 µm. Type I and II inclusions only occur in regional quartz veins and quartz from metapelite. They have never been observed in the late-stage gold-bearing quartz veins. They occur predominantly in clusters or along trails, which crosscut grain boundaries of quartz, subsidiary isolated inclusions of both types have also been observed. Therefore, they are interpreted as secondary fluid inclusions. Type I and II fluid inclusions are contemporaneous, since they can be found in the same trail (Fig. 11B) .
Type III inclusions are liquid rich and contain two phases at room temperature with the bubble occupying 5 to 15 percent of the total inclusion volume. The inclusions are small and subrounded, with sizes generally less than 5 µm (Fig.  11C) . Type III inclusions are only present in late-stage quartz-carbonate-pyrite veins, most commonly in euhedral quartz (Fig. 6C) , the silicified host rocks at the gold occurrences, and in regional quartz veins in the immediate vicinity of the orebodies. They occur either in small clusters or are isolated. There are no textural features in euhedral quartz from the gold-bearing quartz veins that allowed us to define a primary nature for these inclusions (e.g., growth zones). Therefore, type III inclusions must be regarded as secondary, although a primary nature cannot be ruled out.
Type IV inclusions are liquid rich, with one to two phases at room temperature. The two-phase inclusions contain a small vapor bubble at room temperature, filling 1 to 5 percent of the total inclusion volume. These inclusions are the largest, with sizes up to 15 µm. Type IV inclusions occur as secondary fluid inclusions in late-stage gold-bearing veins and regional quartz veins.
Microthermometric fluid inclusion and Raman spetrographic data
The microthermometric data are summarized in Figure 12 . Type I fluid inclusions display four phase transitions (Fig.  12A-D) : (1) CO 2 -melting between -58.9°and -56.9°C; (2) clathrate-melting between -1.8°and +8.9°C, mostly between +1.2°and +5.9°C; (3) homogenization of CO 2 to the liquid phase between +8.3°and +23.6°C (with one outlier at -3.3°C); and (4) total homogenization temperatures to the liquid phase between +186.1°and +294.5°C, except two outliers at +164.2°and +304.5°C. A limited number of inclusions decrepitated before reaching total homogenization. In addition, a few final ice-melting temperatures (in 11 inclusions) were recorded between -17.2°and -6.7°C (not shown in Fig.  12 ). Melting of clathrate systematically occurred in equilibrium with liquid H 2 O and both liquid and gaseous CO 2 . The clathrate-melting temperatures correspond to a salinity range between 2.2 and 17.5 wt percent NaCl equiv, with most of them grouped between 7.6 and 14.2 wt percent NaCl equiv. Type II inclusions yielded (1) melting temperatures of CO 2 between -59.1°and -57.0°C; (2) a few clathrate-melting temperatures (in six inclusions) were recorded between +7.4°and +9.4°C; and (3) homogenization of CO 2 to the liquid phase occurred between -23.8°and +20.8°C (Fig. 12E-G) . The clathrate-melting temperatures correspond to salinities between 2.8 and 7.2 wt percent NaCl equiv and indicate that a thin rim of H 2 O is present around the CO 2 phase.
The CO 2 -melting temperatures below -56.6°C in both type I and II inclusions reveal the presence of other dissolved gases. Raman spectra of the gas phase in type I and II inclusions show two peaks at 1,283 and 1,387 cm -1 , diagnostic of CO 2 , and one peak at 2,330 cm -1 revealing the presence of dissolved N 2 . In addition, a small peak at 2,913 cm -1 in the gas-rich type II inclusions is diagnostic for the presence of small amounts CH 4 in these fluids. Thus, the regional fluid trapped in type I and type II inclusions is a saline H 2 O-CO 2 -NaCl fluid with minor concentrations of N 2 (less than 8 mole %) and traces of CH 4 .
The majority of type III inclusions only showed two-phase changes during the microthermometric study. Clathrate melting was measured between +3.0°and +8.7°C, with a majority of measurements falling between +7.0°and +8.7°C (Fig.  12H) , and total homogenization temperatures to the liquid phase fall between +155.7°and +301.8°C, with a peak between +210°and +230°C (Fig. 12J) . A few inclusions (n = 9) show ice melting, mainly between -3.0°and -4.6°C, with one outlier at -9.3°C (Fig. 12I) . Inclusions from the same fluid inclusion assemblage have fairly homogeneous clathrate-melting temperatures, whereas total homogenization temperatures can vary by several tens of degrees. The clathrate melting indicates the presence of dissolved gases, identified as CO 2 by Raman spectroscopy with diagnostic peaks at 1,285 and 1,388 cm -1 . No other dissolved gas was detected by Raman spectroscopy. Neither liquid CO 2 nor any melting behavior at or below the triple point of CO 2 (-56.6°C) was visible in type III inclusions, despite repeated careful checks of larger inclusions. It is concluded that type III inclusions only contain a small mole percentage of low-density CO 2 (below the critical density of CO 2 : 0.468 g/cm 3 ) and that clathrate dissociates on heating in the presence of aqueous liquid and CO 2 vapor but the absence of liquid CO 2 . For the phase transition: clathrate + gaseous CO 2 + H 2 O (liquid) → gaseous CO 2 + liquid H 2 O, the melting temperature of clathrate between -1.48°and +10°C is a function of both fluid salinity and P CO 2 (Collins, 1979; Hedenquist and Henley, 1985) . Therefore, using the equation of Chen (1972) for the clathrate data gathered from type III fluid inclusions overestimates their salinity. Thus, the salinities between 2.6 and 11.9 wt percent NaCl equiv deduced from the clathrate-melting temperatures of type III inclusions, with a peak at about 4 wt percent NaCl, must only be considered as upper salinity estimates. Nevertheless, the tight clustering of most clathrate-melting temperatures between +7.0°and +8.7°C (Fig. 12H) suggests a fairly constant salt content and P CO 2 in type III inclusions. In conclusion, type III inclusions are interpreted as a low-salinity aqueous fluid with a dilute, low-density CO 2 component.
In the two-phase type IV inclusions, final ice-melting temperatures range between -26.9°and -20.7°C with a data peak between -23°and -24°C (Fig. 12K) . Ice typically starts to melt at temperatures below -42°C, thus indicating the presence of additional cations besides Na + , interpreted as Ca 2+ . Total homogenization temperatures fall between +55.4°and +190.6°C with a majority of values between +100°and +150°C (Fig. 12L) .
Discussion of the fluid inclusion data
Type I and II fluid inclusions trapped in metamorphic quartz segregation veins and in quartz metapelite are the oldest fluid inclusion types recognized in this study. Their coexistence in some fluid inclusion trails and clusters reveals local unmixing of a moderately saline H 2 O-CO 2 fluid in the metamorphic rocks. Such fluids and unmixing processes are common in greenschist to granulite facies metamorphic rocks (e.g., Sisson et al., 1981; Touret, 1981; Yardley and Bottrell, 1988) . The vast majority of fluid inclusions in such quartz veins, which may have recrystallized during the metamorphic cycle and undergone extensive fracturing, contain secondary fluid inclusions that have been trapped during their return to the surface. The annular inclusions and the decrepitated inclusions surrounded by a cluster of smaller inclusions (Fig. 11A) are evidence for reequilibration after their entrapment during the retrograde evolution of the metamorphic complex (Boullier et al., 1991; Vityk and Bodnar, 1995) . The elevated salinities of the regional type I fluid inclusion types, including those from the western metamorphic complex with salinities up to 17.5 wt percent NaCl equiv, are not uncommon in greenschist to granulite facies metamorphic rocks (Yardley and Graham, 2002) . In the case of the metamorphic complex at Muteh, several different sources or processes could account for the high fluid salinities. These include metamorphism of evaporite-bearing sedimentary rock units (e.g., Rich, 1979; Mora and Valley, 1989; Oliver et al., 1992; Giuliani et al., 1995) . Indeed, the presence of subordinate scapolite in marble interlayered with metapelite in the western metamorphic complex of the Muteh area is likely evidence of metaevaporites (Kwak, 1977; Moine et al., 1981; Faryad, 2002) . A further possible source of saline fluids coexisting with CO 2 -rich fluids are magmatic intrusions (e.g., Nabelek and Ternes, 1997; Baker, 2002) emplaced at various stages during the evolution of the Sanandaj-Sirjan zone. Alternatively, metamorphic processes such as retrograde hydration reactions in fluid-starved crystalline rocks (Bennett and Barker 1992; Yardley and Valley 1997) or amphibolite facies metamorphism of impure marbles and migmatization (as reported by Rachidnejad-Omran et al., 2002) could explain the coexistence of a highly saline fluid with a CO 2 -rich fluid (e.g., Sisson et al., 1981; Touret, 1985; Trommsdorf et al., 1985 ; Shmulovich et al., 1994) in metamorphic rocks and quartz segregation veins at Muteh. Type III fluid inclusions are only encountered in quartzcarbonate-pyrite veins from the gold orebodies and their immediate host rocks. Therefore, it is concluded that they postdate regional metamorphism and ductile deformation of the host rocks and that they are most likely related to the Eocene gold ore-forming process. The large range of homogenization temperatures between about 170°and 310°C of type III inclusions (Fig. 12J ) and the variable homogenization temperatures within the same fluid inclusion assemblage reveal that type III inclusions have reequilibrated to different pressuretemperature conditions during postore evolution of the metamorphic complex. However, the majority of the clathratemelting temperatures fall between +7.0°and +8.7°C (Fig.  12H) , suggesting relatively constant fluid compositions, with maximum salinities between 2.6 and 5.8 wt percent NaCl equiv. We conclude that the compositional information of the fluid trapped during ore formation has been preserved. The relatively low salinity and low CO 2 -concentration of the type III fluid trapped within the late-stage quartz-carbonate-pyrite veins contrasts with the distinctly higher salinity and CO 2 contents of the type I regional fluids. Two interpretations can be offered: (1) either formation of the gold ore deposits at Muteh was linked to the introduction of a distinct low-salinity, low CO 2 content aqueous fluid during Eocene crustal extension, unrelated to and postdating the highly saline and CO 2 -rich regional metamorphic-magmatic type I and II fluids, or (2) type III fluid in the gold deposits could possibly result from mixing of the regional type I fluid with a dilute, aqueous fluid, such as meteoric water. The distinctly later timing and fairly constant composition of type III fluids, as revealed by the relatively narrow range of clathrate-melting temperatures (Fig. 12H) , argues against the second interpretation. Such low-salinity, low CO 2 content aqueous fluids are typical for both orogenic and intrusion-related gold deposits (Ridley and Diamond, 2000; Baker, 2002) .
Type IV inclusions are late, low-temperature brines that have circulated in the metamorphic complex after or during the latest stages of gold ore formation at Muteh.
Origin of the Gold Deposits at Muteh:
Orogenic or Intrusion Related? The 40 Ar/ 39 Ar dating indicates that gold ore formation at Muteh was early to middle Eocene in age and significantly younger than the Precambrian to Paleozoic ages advocated in earlier studies by Thiele et al. (1968) , Samani (1988) , PaidarSaravi (1989), and Rachidnejad-Omran et al. (2002) . This conclusion is also supported by the important role of brittle extension on the geometry of the ore veins and the late-stage hydrothermal alteration postdating the ductile fabric and the metamorphic assemblage of the host rocks, respectively. The 55.7 to 38.5 Ma 40 Ar/ 39 Ar age reveals that gold mineralization at Muteh is unrelated to the leucogranite-granite-granodiorite intrusions that crop out in the eastern metamorphic complex (intrusions shown in black in Fig. 2) , as the latter have biotite cooling ages of about 73 Ma and are overprinted by ductile deformation, which in turn is cut by the normal northwest-oriented faults and veins controlling the gold mineralization at Muteh. This refutes the model of Thiele et al. (1968) and Samani (1988) , suggesting a genetic link between the gold deposit and leucogranite in the eastern metamorphic complex. The age relationships are also at odds with the Paleozoic exhalative hot-spring model of Rachidnejad-Omran et al. (2002) . A direct link between metamorphism of the host rocks and ore formation as suggested by Paidar-Saravi (1989) is also questioned by our 40 Ar/ 39 Ar data. The 40 Ar/ 39 Ar cooling ages of biotite and hornblende at about 86 and 109 Ma, respectively, from the concordant amphibolite layer in the metamorphic complex indicate that regional retrograde metamorphism preceded gold mineralization by several tens of millions of years. It is unlikely that retrograde metamorphism could have sustained continuous, regional fluid circulation for 40 m.y. or more.
Our study shows that gold ore formation at Muteh was contemporaneous with a period of Tertiary crustal extension reported by Tillman et al. (1981) and with magmatism in the immediately neighboring Tertiary Urumieh-Dokhtar belt (Fig. 1) . Within analytical uncertainty, the Eocene granodiorite intrusion emplaced in the westernmost metamorphic complex (MU-717, Fig. 2) is coeval with the formation of the gold deposit at Muteh (Fig. 10) . Although a genetic link between gold mineralization and Tertiary magmatism is permissible based on radioisotopic age relationships on a regional scale, the dated Eocene granodiorite, located approximately 40 km to the west of Muteh (Fig. 2) appears too distant to be directly linked to the gold mineralization event. A coeval, local intrusion remains to be documented. Alternatively, metamorphic processes cannot be entirely ruled out, because the gangue and alteration mineralogy, including quartz, sericite, albite, carbonate, and chlorite, and the dilute, CO 2 -bearing aqueous fluid inclusions from the gold orebodies are characteristic of both orogenic and intrusion-related gold deposits (Cassidy and Bennett, 1993; Mikucki and Ridley, 1993; Ridley and Diamond, 2000; Lang and Baker, 2001; Baker, 2002) . Tillman et al. (1981) linked pre-Miocene extensional tectonics to continuous underthrusting along the boundaries of the SanandajSirjan zone. Therefore, dehydration of such underthrusted rocks might have been a source of ore-forming fluids, which could have escaped along the extensional structures hosting the orebodies at Muteh. However, the extensional structural setting during exhumation of the metamorphic host-rock complex and gold ore formation at Muteh is a clearly distinct feature, which significantly differs from the majority of orogenic gold deposits, where orebodies are typically hosted by reverse component shear zones, which were formed during a main phase of crustal shortening in compressional or transpressional regimes (Groves et al., 2003; Goldfarb et al., 2005) . Thus, with the present state of knowledge, principally based on the radioisotopic age relationships and the extensional structural setting, an intrusion-related model is considered as more plausible than an orogenic model for the Muteh gold deposit.
Link between Eocene Gold Ore Formation and
Exhumation of the Metamorphic Host Rocks Since the gold orebodies at Muteh are controlled by late, brittle extensional structures that cut metamorphic rocks in the Sanandaj-Sirjan zone, it is necessary to address the link between Eocene gold ore formation and the geologic evolution of the metamorphic rocks, in particular exhumation of the metamorphic complex. As summarized by Ring et al. (1999) , exhumation of metamorphic rocks occurs as a result of ductile thinning, erosion, and normal faulting. The subhorizontal foliation in the metamorphic complex at Muteh (Figs. 3A, 4A-B) confirms that ductile thinning was involved in the exhumation of the metamorphic complex (Ring et al., 1999) . Ductile thinning of the host rocks occurred prior to the emplacement of the Eocene gold orebodies along normal faults ( Fig. 4E-F) , since the brittle structures cut the subhorizontal ductile fabric of the host rocks (Fig. 4A) .
Exhumation of metamorphic domes in several orogens is accompanied by the formation of sedimentary basins (e.g., Echtler and Malavieille, 1990; Chauvet and Dallmeyer, 1992; Cassard et al., 1993; Neubauer et al., 1995; Bonev et al., 2006) . At Muteh, coarse clastic Eocene sedimentary rocks, including conglomerate alternating with sandstone, sandy shale, and volcanic rocks, overlie older rock formations with a distinct unconformity (Thiele et al., 1968; Fig. 2) and are defined as syntectonic conglomerates by Alavi (1994) . According to Tillman et al. (1981) , the Tertiary sedimentary depocenters in the study area were structurally controlled by northwest-oriented block-bounding faults, and their consistent occurrence along the southern side of major faults supports a syntectonic origin. Further detailed studies are required to precisely document the relative timing between Eocene erosion, sedimentation, and gold ore formation at 55.7 to 38.5 Ma, and to investigate whether the Eocene sedimentary rocks formed in supradetachment basins as a consequence of metamorphic complex exhumation (e.g., Friedmann and Burbank, 1995) .
Normal faulting within the metamorphic complex at Muteh is expressed by high-angle faults, which host the Eocene gold orebodies (Fig. 4E-F) . The northeast-southwest extension during brittle deformation of the metamorphic basement rocks, manifested by the northwest-oriented normal faults controlling the gold ore mineralization (Figs. 3B, 4A , 6 E-F), is parallel to the extension that occurred during earlier ductile thinning, as shown by the subhorizontal northeast-oriented stretching lineation within the flat-lying foliation of the metamorphic complex (Fig. 3A) . Thus, both ductile and brittle structures can be interpreted within a single, continuous extensional and exhumation event, which started with ductile deformation and gradually changed into low-grade, brittle deformation. Similar continuous ductile to brittle evolution during exhumation of metamorphic complexes has been documented in other extensional tectonic settings (e.g., Miller et al., 1983; Lee et al., 1987; Davis, 1988; Lister and Davis, 1989; Chauvet and Dallmeyer, 1992) . In addition to highangle faults, low-angle detachment surfaces participate in the exhumation of metamorphic rock complexes in many orogens (Wernicke and Burchfield, 1982; Hodges et al., 1987; Selverstone, 1988; Lister and Davis, 1989; Teyssier and Whitney, 2002; Bonev et al., 2006) . The subhorizontal breccia horizon (Figs. 2, 3E-F ) located between the greenschist facies metamorphic rocks with a mylonitic fabric and the overlying unmetamorphosed and nonpenetratively deformed sedimentary rocks is interpreted as the location of such a detachment surface at Muteh. The clasts of metamorphic rocks with a mylonitic fabric within the breccia horizon (Fig. 4F ) are interpreted as the result of upward transport of once deep-seated metamorphic rocks along the detachment surface and across the ductile-brittle transition (e.g., Lister and Davis, 1989) . In the vicinity of the Muteh gold deposit, kinematic indicators observed in mylonitic metamorphic rocks reveal a subhorizontal shear sense with a top to the northeast displacement (Fig. 5) . Such a displacement is opposite to the regional southwest-verging thrust kinematics of the Sanandaj-Sirjan tectonic zone during the Zagros orogeny and is likely the result of low-angle normal faulting during exhumation of the metamorphic complex. The extensional tectonics prior to and during Eocene gold deposition in the metamorphic basement rocks at Muteh is consistent with an overall regional, compressional tectonic setting, dominated by thrusting toward the southwest during most of the Tertiary (e.g. Alavi, 1994; Mohajjel et al., 2003; Agard et al., 2005) . Indeed, contemporaneous extension and compression have been documented in a number of other orogenic belts (Neubauer et al., 1995; Hodges et al., 1996; Searle, 1999; Schoonover and Osozawa, 2004) .
The northwest-oriented normal faults controlling gold ore formation at Muteh cut the subhorizontal ductile fabric of the metamorphic rocks. Therefore, we conclude that gold deposition at Muteh occurred during or after late stages of brittle extension as a result of exhumation of the metamorphic complex. According to Kouhestani (2005) and Kouhestani et al. (2005) , ore formation may have started under ductile conditions at Chah Bagh (ore zone loc. 9, Fig. 2 ). The extensional tectonic setting provided the favorable conditions of enhanced permeability and created the favorable plumbing system for late-stage fluid circulation and ingress of a low-salinity, low CO 2 content aqueous fluid (type III fluid inclusions, see above) into the eastern metamorphic complex. The variable homogenization temperatures of the type III fluid inclusions (Fig. 12J) , even within the same fluid inclusion assemblage, reflect reequilibration to different pressuretemperature conditions after the fluid was trapped during ore formation. Such fluid inclusion reequilibration can be interpreted as a consequence of uplift and/or ongoing exhumation (due to normal faulting and/or erosion?) of the metamorphic complex after ore formation. The formation of gold deposits at Muteh as a result of metamorphic complex exhumation is comparable to other ore deposits along the Tethyan Eurasian metallogenic belt, such as the Miocene Angouran Zn-Pb-Ag deposit in the northwestern part of the Sanandaj-Sirjan zone (Gilg et al., 2006 ; see loc. Ang, Fig. 1A ), in the Eastern European Alps within the Tauern metamorphic core complex (Horner et al., 1997; Amann et al., 2002) , in southeastern Europe (e.g., Marchev et al., 2004; Seidel et al., 2005; Marton et al., 2006; Yigit, 2006) , or within the North American cordillera (e.g., Beaudoin et al., 1991) . The gold deposits at Muteh also share a comparable tectonic setting with the lowangle detachment-related deposits described in the Western United States (e.g., Spencer and Welty, 1986; Roddy et al., 1988; Ashley, 1991; Long, 1992; Losh et al., 2005) . However, there are notable differences. For instance, the primary specular hematite and massive K-feldspar replacement recognized in many low-angle detachment-related deposits in the Western United States are lacking at Muteh, and albite, which is a predominant mineral in the alteration and gangue assemblage at Muteh, is typically absent in the North American detachment-related gold deposits. By contrast, the report by Kouhestani (2005) and Kouhestani et al. (2005) of sulfidebearing siliceous lenses parallel to the subhorizontal mylonitic foliation in the westernmost gold occurrence at Chah Bagh (ore zone loc. 9, Fig. 2) , as well as the presence of epidote in the alteration assemblage, are reminiscent of the partly subhorizontal, tabular development of orebodies along low-angle detachment surfaces typically described in the gold deposits of the Western United States.
Geodynamic Setting during Eocene Gold Ore Formation at Muteh
Slab detachment during the Eocene has been suggested by Agard et al. (2005) and Ghasemi and Talbot (2006) to explain, respectively, mafic intrusive activity at 40 to 38 Ma within the Sanandaj-Sirjan zone (Leterrier, 1985; Braud, 1987) and Tertiary postsuturing, calc-alkaline magmatism of the UrumiehDokhtar magmatic belt, located to the east of the SanandajSirjan zone (Fig. 1A) . According to Davies and von Blanckenburg (1995) and De Boorder et al. (1998) , the main consequences of slab breakoff within an orogen are (1) a modification of the thermal, and by extension magmatic, regime within the crust due to the emplacement of hot asthenospheric material at shallow levels, which increases the heat flux into the continental lithosphere; (2) buoyant ascent of crustal sheets leading to rapid exhumation of high-grade metamorphic facies rocks; (3) a generalized uplift of the orogen due to a transient increase in the geothermal gradient; and (4) increased fluid activity in the crust and influx of fluids from the hot mantle wedge asthenosphere. It is clear that with our present-day level of knowledge, the slab breakoff scenario during Eocene geodynamic evolution of the Sanandaj-Sirjan zone and the Urumieh-Dokhtar magmatic belt is only a working hypothesis. Nevertheless, the slab detachment model is consistent with the exhumation of metamorphic rocks, extensional tectonics, melting, intrusive activity, and an increased geothermal gradient and fluid activity at Muteh during the Eocene, creating the favorable environment for gold ore formation. If correct, then the gold mineralization event during extensional tectonics between 55.7 and 38.5 Ma at Muteh might be the direct expression of the regional thermal and tectonic modifications and fluid input resulting from slab breakoff beneath the Sanandaj-Sirjan zone.
Conclusions
Gold ore formation at Muteh in Western Iran is early to middle Eocene in age and is the result of a protracted geologic evolution of the Sanandaj-Sirjan tectonic zone as a consequence of the closure of the Tethys ocean during the Zagros orogeny. Detailed field observations and precise 40 Ar/ 39 Ar dating reveal that formation of the Muteh gold deposit was related to normal faulting as a result of Eocene crustal extension during the final stages of exhumation of a metamorphic rock complex. The 40 Ar/ 39 Ar data show that ore formation at Muteh was coeval with magmatism in the adjacent Tertiary Urumieh-Dokhtar magmatic belt and with nearby intrusive activity within the Sanandaj-Sirjan zone. However, a coeval magmatic event remains to be documented in the immediate neighborhood of the Muteh deposit. Based on the gangue and alteration mineralogy, and the dilute and CO 2 -bearing aqueous fluids associated with ore formation, genesis of the Muteh gold deposit as a result of metamorphic processes (i.e., orogenic gold) cannot be excluded.
The transient increase in the geothermal gradient, as a result of metamorphic rock exhumation and/or Tertiary magmatic activity, accompanied by late, brittle extension providing enhanced permeability, created the favorable plumbing system for Eocene hydrothermal fluid circulation and gold deposition. Our results and interpretations refute previous models advocating Precambrian to Paleozoic ages of mineralization and those linking the Muteh gold deposit to local leucogranites, exhalations associated with rhyolitic-acidic tuffs, or metamorphism of the immediate host rocks. Our study also suggests that other terranes in the Sanandaj-Sirjan zone should be considered as favorable targets for gold exploration, where Tertiary extensional tectonics, coupled with deep metamorphic and/or magmatic processes could be documented.
The formation of the Muteh gold deposit as a result of exhumation of a metamorphic rock complex, extensional tectonics, and possibly local magmatism during the late stages of the Zagros orogeny is comparable to the formation of other ore deposits within the Tethyan Eurasian metallogenic belt. Slab breakoff has been suggested during the Eocene geodynamic evolution of the Sanandaj-Sirjan zone and the Tertiary Urumieh-Dokhtar magmatic belt. Although still speculative, such a geodynamic setting may have provided the favorable environment for the exhumation of metamorphic rocks, extensional tectonics, an increased geothermal gradient, and abundant hydrothermal fluid circulation during gold ore formation at Muteh. Tehran) and M. Hannington for reviews, comments, and editorial improvements. Ar/ 36 Ar intercept of the isochron: 331.1 ± 67.9, sums/(n = 2) = 2.03
